BACKGROUND: Certain classes of antihypertensive drugs have been associated with intraoperative hypotension, and frequently, patients are receiving multiple classes of antihypertensive medications. We sought to determine whether one class of antihypertensive medication either alone, or in combination with other classes of antihypertensive medications, increased the probability of intraoperative hypotension, determined by the amount of vasopressor required during carotid endarterectomy (CEA) performed under general anesthesia with specific arterial blood pressure management. METHODS: This is a post hoc analysis of 252 patients scheduled for elective CEA under general anesthesia, all of whom participated in a prospective evaluation of cognitive dysfunction. Patients were characterized by class and number of preoperative antihypertensive medications taken. A predetermined anesthetic regimen was administered to all patients, with a phenylephrine infusion titrated to maintain mean arterial blood pressure at baseline before clamping the carotid artery, and approximately 20% above baseline during clamping. Computerized anesthesia records were used to record hemodynamics and to quantify medication administered intraoperatively. RESULTS: Patients taking diuretics as part of their antihypertensive regimen required significantly more (1.6 times) total intraoperative phenylephrine than those not taking diuretics, independently of the number of other antihypertensive medications. This difference in the phenylephrine requirement occurs only during the preclamp period, i.e., from induction to application of carotid artery clamping for the maintenance of preoperative blood pressure. However, in contrast to this result, there is no difference in pressor requirement comparing classes of antihypertensive medications to increase the mean arterial blood pressure 20% above baseline during the period when the carotid artery is clamped. CONCLUSION: Diuretics are associated with increased vasopressor requirements in patients having a CEA under general anesthesia in the preclamp period, which is likely true for any patient having a general anesthetic.
I ntraoperative hypotension has been associated with adverse perioperative outcomes including stroke, 1 myocardial ischemia, 2 cognitive dysfunction, 3 and increased 1-year mortality. 4 Therefore, defining the risk factors that predispose patients to intraoperative hypotension, including preoperative chronic antihypertensive therapy, [5] [6] [7] [8] are of clinical importance.
A number of studies suggest that patients receiving chronic angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs) experience more hypotension and require more vasopressor than patients receiving other antihypertensive medications during general anesthesia. 6, 7, 9 Some studies suggest formulating guidelines to withhold ACEIs and ARBs preoperatively. 5,8,10 -12 However, few studies address the fact that patients with chronic hypertension are often taking multiple antihypertensive medications from different classes, which may interact and confound results, 13 and few data are available on the effect of the number and class of antihypertensive drug on intraoperative hypotension.
We hypothesized that the magnitude of the hypotensive effect of a class of antihypertensive drug and the number of antihypertensive drugs could be quantified by the amount of intraoperative vasopressor required in patients undergoing carotid endarterectomy (CEA) under general anesthesia with a specific arterial blood pressure management. Based on these quantitative results, we could determine which classes of antihypertensive drugs, such as ACEIs, ARBs, and diuretics, increase the intraoperative vasopressor requirements compared with other classes of antihypertensive medications. We studied quantity of vasopressor as a surrogate for intraoperative hypotension, because we could not allow intraoperative hypotension in the CEA population.
This study is unique because we present data from patients having a single type of procedure, CEA, performed by a small group of surgeons, with a specific and uniform hemodynamic management strategy using arterial blood pressure goals as percentages of the patient's baseline blood pressure. Before clamping the carotid artery, the blood pressure is maintained at the preoperative baseline, during clamping approximately 20% above baseline, and after unclamping at or slightly below baseline. In addition, we include an analysis of the amount of vasopressor required as a function of not only drug class, but also the number of different chronic antihypertensive drugs taken by the patient.
METHODS
This study, approved by the Columbia University IRB (New York, NY), is a post hoc analysis of 252 patients scheduled for elective CEA under general anesthesia. The patients were prospectively recruited for a study of postoperative cognitive dysfunction after CEA. For all patients, vital sign and drug administration data were available from computerized intraoperative record systems, eliminating the potential bias of handwritten data collection. Before enrollment, patients provided written consent for study participation.
All patients underwent unilateral CEA under general anesthesia. Preoperative data were collected from clinical documentation entered by anesthesiology residents, attendings, and fellows, in addition to data collected by nurses and study coordinators. The baseline arterial blood pressure was obtained by a nurse in the preoperative area on the day of surgery.
The preanesthetic evaluation sheets, completed by an attending anesthesiologist and resident by interview and physical examination on the day of surgery, were used to identify which medications patients were chronically receiving. The data were then categorized into antihypertensive class: ACEIs, ARBs, calcium channel blockers (CCBs), ␤-blockers (BBs), and diuretics. All patients were instructed by the neurosurgical staff to continue any antihypertensive medications they regularly take through and including the morning of surgery. All other medications were withheld. Computerized intraoperative records (CompuRecord; Philips Medical Systems, Andover, MA) were used intraoperatively in every case to record intraoperative hemodynamics, including arterial blood pressure and heart rate, as well as drug dosing.
The anesthetic technique and blood pressure management of patients were determined in advance and standardized for all study patients. Standard monitors, which included a blood pressure cuff, pulse oximeter, 5-lead electrocardiogram, and temperature probe, were used for every case. In addition, full montage electroencephalogram (EEG) and transcranial Doppler (TCD) monitoring were performed on every patient. Patients all received their IV lines in the operating room. The IV fluid goal was at least 1 L total for each case, regardless of the class of antihypertensive drug. Intraoperative blood pressure was measured using a radial intraarterial catheter that was placed before induction. The anesthetic technique involved a preinduction dose of midazolam (1-5 mg) and fentanyl (25-250 g); induction by etomidate (0.15-0.3 mg/kg), propofol (1-2 mg/kg), or thiopental (3-5 mg/kg); and maintenance with 70% nitrous oxide in oxygen and isoflurane (0.3%-0.7%). The anesthesia was performed by 19 anesthesiologists (with one of them performing 86% of the cases), and the operations were performed by 8 surgeons (with 3 performing Ͼ50 cases each, and the remainder performing 1-5 cases).
The anesthetic management of a patient undergoing CEA was predetermined using a protocol anesthetic regimen. CEA surgery was divided into 3 intervals. The first interval of the case was the preclamp interval. This was the period of time starting at the induction of anesthesia and terminating at the clamping of the common carotid artery. During the preclamp interval, blood pressure was maintained to within 20% of the patients' mean arterial blood pressure (MAP) baseline (as determined in the holding area) before surgery. During the clamped interval, defined as starting when the clamp is placed on the common carotid artery, and ending when the clamp is removed, blood pressure was titrated up to approximately 20% above the baseline MAP. The third and final interval was the postclamp interval. During this interval, defined as after the clamp was released from the common carotid artery to the end of surgery, blood pressure was allowed to decrease to within 20% below the patients' baseline MAP. Blood pressure changes were attained using phenylephrine infusions supplemented with boluses. Phenylephrine infusions were administered using a Sigma Spectrum Infusion Pump (Baxter, Deerfield, IL) for all cases, which administers phenylephrine in micrograms/minute. To avoid a "see-saw effect" of multiple boluses, patients were started on a slow rate of phenylephrine soon after intubation, which was then titrated up or down as needed. When the infusion was altered (started or rate changed), the alteration would be entered manually by the anesthesiologist into the computerized record system. The total amount of phenylephrine administered during segments of the anesthetic was determined by the computerized record system based on the manual entry of pump rate into the computerized record system. The computerized record system collects and records data every 15 seconds.
Although a phenylephrine infusion was used from the beginning of the case, after induction of general anesthesia, phenylephrine boluses were also administered as needed at the discretion of the anesthesiologist to maintain the blood pressure at the targeted level. To further characterize the increased intraoperative vasopressor requirement, the phenylephrine requirements were converted into rates of micrograms/kilogram/minute to correct for potential differences in surgical time and patient weight. Ephedrine boluses were also administered if the patient exhibited significant bradycardia in conjunction with hypotension. Total phenylephrine and ephedrine doses were recorded on the intraoperative record system.
To address the interaction of multiple antihypertensive classes, we separated the data by the number of antihypertensive drugs chronically taken. Patients who took multiple classes of antihypertensive medications were characterized by number of classes of drugs taken, as well as which of those classes were taken. To further investigate whether there is an effect of antihypertensive class on vasopressor requirement, patients who only took a single class of antihypertensive were isolated to analyze which classes were associated with an increase in vasopressor requirement.
For patients receiving only a single class of antihypertensive drug, we determined the amount of phenylephrine required by calculating the rate of phenylephrine administered during pre-and postclamp intervals of the case.
Statistical analyses were performed using Excel (Microsoft Corp., Redmond, WA) and JMP 7 software (SAS Institute, Inc., Cary, NC). All statistical tests were considered significant if the probability of a type I error was inferior to 0.05 (P value).
Univariate analyses were performed to address our hypothesis and determine whether there was a difference in the total phenylephrine requirement and the number of antihypertensive classes patients take (Fig. 1 ), and if there was a specific antihypertensive class that resulted in a higher phenylephrine requirement ( Fig. 2 ). Furthermore, we analyzed whether the inclusion of diuretics, as one of the classes of a multiple antihypertensive regimen, would cause an increase in phenylephrine requirements in groups consisting of the same number of antihypertensive classes ( Fig. 3 ). In addition to univariate analyses, we analyzed our data with a multivariate regression model. Because the main outcome measure, total phenylephrine consumption (PHtotal), followed a log-normal distribution, it was transformed for analyses requiring linearity, and thereby, those results represent median values of phenylephrine use. We used multivariate linear regression to verify the association of antihypertensive medication class with PHtotal while adjusting for potential confounders (duration of surgery, age, body mass index, smoking status, induction drug, ephedrine dose, total fluid administered, coronary artery disease, history of congestive heart failure, and history of diabetes), which were included in the regression model using a forward, backward, and stepwise procedure, and the chosen model was identical starting with all available preoperative patient characteristics (Table 1) .
To express the effect size of the independent variables in the regression model, we formulated a classification and regression tree ( Fig. 4 ).
RESULTS
Two hundred fifty-two patients were included in this analysis. Of these, 68 patients (27%) were not taking a chronic antihypertensive drug. Of the patients receiving chronic antihypertensive therapy, 85 patients (35%) were taking a single antihypertensive, 68 patients (26%) were taking 2, 25 patients (9%) were taking 3, and 6 patients (3%) were taking 4 ( Fig. 1 ). Of the patients taking a single antihypertensive, 27 were taking a BB, 23 were taking an ACEI, 22 were taking a CCB, 7 were taking a diuretic (all receiving a thiazide), and 6 were taking an ARB.
The prevalence of preoperative demographic variables of patients taking each class of antihypertensive therapy is shown in Table 2 . There was a higher incidence of coronary artery disease in patients taking a BB or a CCB (P Ͻ 0.01 by Fisher right-sided exact test). Patients who were taking BBs also had a higher blood urea nitrogen and creatinine (P ϭ 0.01 and P ϭ 0.03, respectively, by Mann-Whitney-Wilcoxon test), and those taking diuretics had a higher blood urea nitrogen (P ϭ 0.02 by Mann-Whitney-Wilcoxon test) than those not taking this antihypertensive class.
To maintain blood pressure at a steady level within 20% of their baseline preclamp and 20% above baseline during carotid clamping, all patients had a phenylephrine infusion started after anesthetic induction. Most of the phenylephrine was administered by continuous infusion (mean of 3888 g, SD of 3216 g). The remainder of the phenylephrine was administered through 40 g/mL boluses (mean of 132 g, SD of 190 g). In addition to the phenylephrine infusion and boluses, one-third of patients (82) received additional ephedrine boluses. The mean total dose of ephedrine was 5.5 mg (SD 10.3 mg). There was no association between group of antihypertensive drug and either the number of ephedrine boluses administrated or the total amount of ephedrine administered during the case. No patient required other drugs such as vasopressin or epinephrine for maintaining blood pressure at the predetermined level.
Patients received a mean of 1250 mL (SD of 490 mL) of lactated Ringer solution. There was no difference between the amount of fluids received and antihypertensive class or number of classes of antihypertensive drugs taken.
The total intraoperative amount of phenylephrine required depended on the number of different classes of antihypertensive medications the patients were taking (P ϭ 0.002 by Kruskal-Wallis test). Patients who were taking 3 classes of medications required an average of 75% more total phenylephrine than those taking 0, 1, or 2 classes. Those patients taking fewer than 3 classes of medications did not differ in the average amount of phenylephrine administered (Fig. 1) .
Univariate analysis of the relationship between intraoperative pressor requirement and class of antihypertensive drug was performed using the Mann-Whitney test. Analyses showed that patients taking diuretics required significantly more total phenylephrine than those not taking diuretics (P Ͻ 0.001). There was no significant difference in a comparison of patients who were taking other classes of antihypertensives including ACEIs, ARBs, BBs, and CCBs with those who were not taking that particular class of drug (Fig. 2) . This was true when the total phenylephrine dose was divided into phenylephrine administered by boluses (P ϭ 0.0154), and the phenylephrine administered by continuous infusion (P Ͻ 0.0001). There was no other antihypertensive class in which the total phenylephrine, bolus phenylephrine, or infused phenylephrine amount was different between those taking the antihypertensive and those not taking the antihypertensive.
In addition, when comparing patients taking only 1 antihypertensive class, only patients taking diuretics required more pressor medication. Furthermore, of those taking 2 classes of antihypertensive drugs, those who chronically took diuretics required significantly more phenylephrine than those taking 2 other classes of drugs (P ϭ 0.04) ( Fig. 3) . Although patients receiving diuretic therapy as part of a 3-class antihypertensive regimen required more vasopressor than those receiving other drugs, the difference was not significant (P ϭ 0.14) ( Fig. 3 ). Patients taking diuretics as part of an antihypertensive regimen required 125%, 50%, and 48% more total phenylephrine when taking a total of 1, 2, or 3 classes of antihypertensive drugs, respectively (Fig. 3) .
When all patients were analyzed by multivariate regression model, including those taking multiple antihypertensive drugs (ACEIs, ARBs, BBs, and CCBs), patients who were taking diuretics in their antihypertensive regimen required significantly more total phenylephrine during CEA than those not taking a diuretic.
Potential confounders that were screened for included duration of surgery, age, body mass index, smoking status, induction drug, ephedrine dose, total fluid administered, coronary artery disease, history of congestive heart failure, and history of diabetes. Of all factors, only duration of surgery (P ϭ 0.005), body mass index (P Ͻ 0.001), ephedrine dose (P ϭ 0.015), and chronic diuretic use (P ϭ 0.01) remained statistically significant.
To express the effect size of the independent variables in the regression model, we formulated a classification and regression tree. The duration of surgery was the covariate with the highest association with the outcome. The data were then split into 2 groups (Յ135 minutes and Ͼ135 minutes). For those Ͼ135 minutes for duration of surgery, the next highly associated covariate was diuretic therapy. The data were again split into 2 groups: patients taking diuretics (diuretics Ͼ0), and patients not taking diuretics (diuretics Ͻ0). For those not taking diuretics, the most associated variable was again duration of surgery. One can similarly interpret other branches of the tree (Fig. 4) .
Residual analysis showed that there were no large outliers. The residuals are shown to be normally distributed in Figure 5 . Moreover, results from robust linear regression were almost identical to those from linear regression. The leverage and Cook's distance were determined for the data (Fig. 6 ) and none of the data points has a Cook's distance Ͼ0.5. To account for possible colinearity among the covariates, we standardized the continuous covariates. Also, estimates from ridge regression were almost identical to those from the linear regression.
To address the question of when pressor medication is required and to generalize our results, we evaluated the amount or rate of pressor use as a function of the operative interval. Because we had fewer patients receiving monotherapy, and body mass index and duration of surgery also influenced total phenylephrine requirements as found by the multivariate analysis above, we expressed the preand postclamp rates of phenylephrine in terms of micrograms/kilogram/minute determined by total micrograms of phenylephrine given by infusion in either interval divided by patient weight and interval time. Patients who were taking diuretic therapy required a significantly higher rate of phenylephrine to keep their blood pressure at baseline during the preclamp interval than those receiving any other antihypertensive medication (P Ͻ 0.05) (Fig. 7) . This result was not found going from the preclamp interval to the clamped interval. During the clamped interval, there was no significant difference in the rate of phenylephrine needed to increase the blood pressure to approximately 20% above baseline across the different antihypertensive classes, from similar preclamp blood pressures, as a fraction of baseline ( Fig. 8 ).
DISCUSSION
We present a post hoc analysis of vasopressor requirements of patients undergoing CEA under general anesthesia. The results demonstrate that patients taking preoperative diuretic therapy are associated with increased intraoperative vasopressor requirement during CEA when it is used as a single antihypertensive, as well as when it is used as part of a multiple antihypertensive regimen. There is no significant increase of vasopressor requirement for patients taking the other classes of antihypertensives including ACEIs, ARBs, CCBs, and BBs compared with those not taking antihypertensive medications.
Our results are applicable to patients having general anesthesia for other types of surgery. In the preclamp interval, before clamping the carotid, blood pressure is kept within 20% of baseline, a similar situation to patients having other surgery under general anesthesia.
EEG is our accepted standard to determine the adequacy of collateral blood flow to the brain. However, the EEG is insensitive at detecting focal ischemia and requires as much as a 60% decrease in normal cerebral blood flow before subtle EEG changes can be detected. Although TCD evaluates the blood flow velocity in 1 of the 4 major vessels supplying blood to the brain, to titrate blood pressure to lower values again seems risky by potentially letting focal areas become ischemic. Also, one has to remember that TCD measures cerebral blood flow velocity not cerebral blood flow. Therefore, one does not know where on the normal spectrum of blood flow the patient is when there may be a reduction of cerebral blood flow velocity. EEG has been demonstrated to reflect the adequacy of cortical cerebral blood flow to maintain cerebral activity more directly than TCD. We are aware that some experienced neuroanesthesiologists use the TCD to titrate systemic blood pressure, but we prefer to take a more conservative approach. Therefore, during clamping, our group increases blood pressure, if tolerated cardiovascularly by the patient, to 20% above their baseline. We then observe the EEG and TCD monitors and if the perfusion is inadequate, we can use these monitors to view what change an increase in blood pressure can make, often as the surgeon is preparing to place a shunt.
Diuretics are unique in altering the circadian rhythm of blood pressure. Hypertensive patients can be grouped into 2 categories based on their nocturnal (or sleeping) blood pressure: "dippers" are patients whose nocturnal blood pressure decreases by 10%, whereas "nondippers" are patients who do not experience this decrease. These different patterns are of clinical significance because of the results of a large prospective trial that showed that nondippers are at an increased risk of cardiovascular morbidity compared with dippers, whereas "extreme dippers" (those with an exaggerated Ն20% nocturnal blood pressure decrease) are at an increased risk of stroke. 14, 15 The period of "dipping" is characterized by a response to the decrease of sympathetic activation. 16 Dipping is restored to patients taking hydrochlorothiazide diuretics probably because of increased sodium excretion during the daytime. 17 In the perioperative hypertensive patient, a thiazide diuretic such as hydrochlorothiazide may enhance a decrease of blood pressure or dipping with the induction of anesthesia, similar to the dipping enhanced in patients taking thiazide diuretics during sleep. Both periods are characterized by a decrease in sympathetic stimulation. Therefore, the benefit to cardiovascular morbidity offered to the patient by maintaining circadian blood pressure may increase blood pressure decrease in the operating room upon a decrease in sympathetic stimulation.
We can expect that many patients presenting for anesthesia will be taking chronic thiazide diuretics as a first-line antihypertensive drug because thiazide diuretics have been confirmed by the Antihypertensive and Lipid Lowering Treatment to Prevent Heart Attack Trial to be equal or superior to other antihypertensive drugs as a first-line therapy. 18 There are a number of case reports of refractory hypotension in patients taking chronic ACEIs and ARBs undergoing general anesthesia. Currently, there is debate whether to withhold these medications preoperatively. To address this debate, a number of small studies have been conducted to evaluate whether patients taking chronic ACEIs or ARBs experience hypotension and require more vasopressors than patients taking other antihypertensive medications during general anesthesia. 6, 7, 9 The major limitation of these studies is their small sample size and a large number of other antihypertensive drugs taken.
Kheterpal et al. 13 performed a large retrospective study of 65,043 patients having noncardiac surgery in which they analyzed the number of vasopressor boluses (of equivalent doses of ephedrine and phenylephrine) in patients who were receiving different combinations of antihypertensives. They concluded that patients receiving chronic diuretic therapy along with ACEI/ARB therapy had greater vasopressor requirements compared with patients receiving an ACEI/ARB combined with a CCB. However, patients who were taking a CCB along with a diuretic required the same number of vasopressor boluses as the group that was taking an ACE/ARB plus diuretic. This observation is in concordance with our data, which show that when a diuretic is added to antihypertensive management, intraoperative pressor requirements increase. Similar to our findings, it suggests that ACEIs and ARBs are not responsible for increased intraoperative vasopressor requirements alone, and that diuretics have a key role in these requirements. The major limitations of the study by Kheterpal et al. are that although the study was large, the type and length of surgery varied widely and there was no set anesthetic protocol. The number of equivalent vasopressor boluses was calculated, but this information was not combined with vasopressor infusion data to yield the total amount or rate of vasopressor used. In addition, BBs were excluded from their analysis, so it is not possible to analyze exactly how many antihypertensive medications each patient was receiving.
Our study is unique because the anesthetic technique was standardized. In contrast to previous studies, this study involved a single type of surgery performed by 1 of 3 surgeons at a single institution. The entire intraoperative interval was addressed, and the data were divided into 3 intervals corrected for time, thus correcting for potential differences in surgical length. Because the patients were all undergoing the same type of surgery, they had similar preoperative factors. During the intraoperative course, the hemodynamic variables were measured precisely and the vasopressor used was standardized. In addition, all data were recorded by a computerized medical record keeper, which made drug infusion dose calculations as well as blood pressure measurement recordings more accurate. 19 This study has several limitations, including its post hoc design and small sample size. In addition, it was not clear how long the patients were taking their current medication regimen and the exact amount of time before the surgery that their last dose was administered. Patient noncompliance may also interfere with the results of the study, especially because patients taking multiple medications are less likely to be taking all the medications appropriately. However, we do show the response of the patient in the "real world" clinical scenario, in which we can assume a certain degree of noncompliance. In addition, the rate of phenylephrine set on the pump was added to a computerized record system separately, and frequent changes in phenylephrine rate may not have all been recorded. However, a typical case involved 5 to 8 changes to the rate of phenylephrine.
Although the results of the study are subject to some limitations, they are in agreement with previous studies. Our study design addresses vasopressor requirements in patients managed with a standardized protocol-controlled anesthetic technique and blood pressure management strategy. The analysis of the clinical response of the hypertensive patient to different antihypertensive therapy is of clinical significance to the anesthesiologist in the prediction and prevention of intraoperative hypotension during general anesthesia. The fact that this difference occurs in the preclamp period makes this study relevant to other surgical procedures performed under general anesthesia.
Diuretics are a large confounding factor, if not an independent factor of attributing the cause of intraoperative hypotension under general anesthesia. In addition, patients taking 3 different classes of antihypertensive drugs require significantly more phenylephrine than those taking a fewer number of classes. The patients that are described in this study are of a specific category: patients with carotid disease and hypertension. Further laboratory work and prospective clinical studies must be performed to elucidate the mechanism of this interaction, as well as the other possible patient populations to which the findings may be applicable. 
